We investigated the temporal changes of the environmental conditions of the sea floor and the abundance of marine nematode community in the sediment in the subtidal areas near a river mouth with tidal flats in Takamatsu, which faces Seto Inland Sea, Japan. We collected particulate organic matter sinking on the sea floor with a sediment trap and sediment samples with a core sampler bihourly from 11:00 on July 18 to 9:00 on July 19, 2001, and assessed the temporal changes of particulate organic carbon (POC) fluxes in the water column and the chemical characteristics of sediment. The Chl-a concentration and organic matter content of the sediment tended to increase in the surface layer of the sediment at both of the low tides during daytime and early morning, since the deposition of organic particulate containing Chl-a on the sea floor was concentrated at low tide. The organic particulates were produced and transported from the shore and tidal flats. The temporal increase of the density of the nematodes in the sediment up to 5 cm in depth just after the increase of the POC flux in the water column indicates the numerical response of the nematodes to utilize the organic matter deposited on the sea floor. It is likely that the nematodes rose to the surface layer of the sediment to feed the organic particulates and bacteria temporarily increased with them just after the intensive deposition of organic particulates at low tide.
Introduction
Meiobenthic animals occurring in the coastal shallow waters tend to aggregate at a particular depth in their vertical distribution in the sediment (Steyaert et al. 2001 ). On a vertical scale of centimeters, the effects of abiotic characteristics of sediment (e.g. dissolved oxygen in the interstitial water) on meiobenthic community structure are as important as the other abiotic variables (such as salinity, sedimentological and geomorphological variables), which act on a horizontal scale of hundreds of meters (Steyaert et al. 2003) . Nematodes as one of the major faunal groups of meiobenthic animals exhibit a typical vertical distribution which often relates to a variety of biological, physical and chemical variables in the sediment (Hendelberg & Jensen 1993 , Steyaert et al. 1999 , Boyd et al. 2000 . Several researchers have indicated the influence of tidal activity on the vertical distribution patterns of the meiobenthic animals in the sediment, especially in high-energy areas, where wave or tidal actions induce their re-suspension (Palmer 1983 , Fegley 1985 , Bertelsen 1997 , Powers 1998 , and force them to migrate to deeper or shallower sediment layers (Palmer & Gust 1985 , Palmer & Molloy 1986 , Fegley 1987 , Steyaert et al. 2001 .
Food availability for the meiobenthic animals also affects their vertical distribution in the sediment (Ansari et al. 1980 , Montagna et al. 1989 ). Marine nematodes feed on detritus, bacteria and fresh algal materials, and respond to the deposition of organic matter in/on the sediment. They clearly migrate upward when high organic deposition occurs . Thus, combinations of biotic and abiotic environmental conditions may determine the actual vertical distribution patterns of the meiobentic animals in the sediment (Boaden & Platt 1971 , Palmer & Gust 1985 , Palmer 1986 , 1988 , Fegley 1987 .
We studied the free-living marine nematode community in the offshore areas near the tidal flats in Takamatsu, which face Seto Inland Sea, Japan. The study area is surrounded by densely populated urban and industrial areas. Kasuga River and Shin River flow into the tidal flats, which bring huge amounts of particulate matters (Magni 1998 ) from the upstream of these rivers. Montani et al. (1998) investigated the effect of the tidal cycle on the dynamics of nutrients in the present study area, and Magni & Montani (2000) observed the seasonal and annual qualitative differences between ebbing water and surface water at an innermost subtidal site near the present sampling station. Moreover, Magni et al. (2000) observed semidiurnal dynamics of salinity, nutrients and suspended particulate matter in the present sampling area. Chaiyanate & Montani (2001) investigated the seasonal changes of macrobenthic community in the same area.
In this study, we aimed to describe the changes of environmental conditions in the sediment and abundance of the nematodes as one of the major groups of meiobenthic community in the offshore area near the tidal flats in Takamatsu within a tidal cycle. We discuss how the nematodes respond to the temporal changes of environmental conditions in the sediment which are generated by the tidal activity, and exploit the particulate organic matter deposited on the sea floor.
Materials and Methods

Study area
The study area is located offshore from the tidal flats that develop at the joint river mouth of three rivers, Shin River, Kasuga River and Tsumeta River in Takamatsu, which is in the coastal area of Seto Inland Sea (Fig. 1 ). We set a sampling station, Stn Y3, approximately 300 m offshore from the tidal flats (34°21ЈN and 134°05ЈE). The mean water depth of this station was approximately 5 m and the bottom sediment was muddy. The detailed data of the sediment particle size composition is presented by Chaiyanante & Montani (2001) .
Sampling and treatment of the samples
Benthic sampling was carried out from a boat at Stn Y3 bihourly from 11:00 on July 18 to 9:00 on July 19, 2001 ( Fig. 1 ). The mean tidal range at the study area is ca. 2 m (Montani et al. 1998 ). In the period of the benthic sampling, one high tide and two low tides were predicted ( We collected three sediment cores, using a gravity corer with transparent acrylic tubes (4 cm in inner diameter), at each sampling interval. Two of them were used to determine the physico-chemical characteristics of the sediment. We observed the vertical profile of redox potential conditions of the core samples by eyes, and determined the depth of the Redox Potential Discontinuity (RPD) layer with a ruler. We sliced the core samples every 1 cm in depth up to 5 cm in depth, and determined the vertical profile of Chlorophyll a concentration, acid-volatile sulfide (AVS) content, total organic carbon (TOC) content and total nitrogen (TN) content of the sediment. Chlorophyll a (Chl-a) concentration of the sediment was spectrophotometrically determined according to Lorenzen's (1967) method described in Parsons et al. (1984) . AVS content of the sediment was determined with an AVS test column (Gastec, Model 201L and 201H). TOC and TN contents of the sediment were determined using an elemental analyzer (Fisons, NA-1500).
Another sediment core sample was used to quantify the nematode communities. The core sample was sliced every 1 cm up to 5 cm in depth. These sliced sediment samples were fixed immediately, and preserved in 10% neutralized formalin solution. Nematodes were sorted from the sediment samples using 63 mm sieve and Ludox TM, according to Somerfield & Warwick (1996) . Nematodes were identified with a differential interference phase contrast compound microscope (OLYMPUS, BX50); following the pictorial keys of Platt & Warwick (1983 , 1988 and Warwick et al. (1998) , and we counted the number of each species.
We set a M-type cylindrical sediment trap with six bottles (7.5 cm in diameter and 30 cm in length, Montani et al. 1988 ) at 2 m above the bottom at Stn Y3, and measured the changes of particulate organic carbon (POC) flux in the water column bihourly. After we took the sediment traps on to the boat, we carefully removed the water from the upper part to the middle part of the bottles of traps, and filtered the remaining bottom water of the bottles through pre-combusted Whatman GF/F filters. For the chemical analysis of the particulate organic carbon, we determined with a CHN analyzer (Yanaco, Model MT3). Figure 3 shows the vertical profiles of Chl-a, TOC, TN, AVS and RPD depth of the sediment. The Chl-a concentration in the surface layer of the sediment tended to increase at low tide and decrease at high tide. The Chl-a concentration of the sediment up to 1 cm in depth reached peaks of 29.3 mg g Ϫ1 at the lower low tide at 15:00 on July 18 and 50.9 mg g Ϫ1 at the higher low tide at 5:00 on July 19. In the subsurface sediment below 3 cm in depth, the Chl-a concentration of sediment fluctuated stably between 4 and 17 mg g Ϫ1 throughout the period of the sampling.
Results
Environmental conditions of the sediment
TOC and TN contents of the surface layer of the sediment also tended to fluctuate in the same manner as that of Chl-a concentration of the sediment. These contents of the surface sediment up to 1 cm in depth reached a peak at the lower low tide at 15:00 on July 18 (34.3 mg g Ϫ1 in TOC and 3.78 mg g Ϫ1 in TN) and at the higher low tide at 23:00 on July 19 (34.2 mg g Ϫ1 in TOC and 5.06 mg g Ϫ1 in TN). TOC content of the subsurface sediment (between 3 cm and 5 cm in depth) tended to fluctuate stably in a narrow range between 25 and 30 mg g Ϫ1 , while TN content of the subsurface sediment was influenced by the fluctuation of the content of the surface layer. TN content of the subsurface sediment slightly increased during the low tide.
The temporal change of the organic matter content of the sediment influenced the redox conditions of the sediment. The most oxidized layer with AVS content of less than 0.5 mg g Ϫ1 tended to expand to the deeper layer at the low tide ( Fig. 3(d) ). At 17:00 on July 18. this layer reached approximately 3 cm in depth. The most oxidized layer was restricted contrastively in the thin surface layer to a few centimeter in depth at the high tide at 23:00 on July 18. The temporal change of the redox conditions of the sediment was also reflected as a change in the depth of the RPD layer. The depth of the RPD layer in the sediment fluctuated with the tidal cycle ( Fig. 3(e) ). The depth of the RPD layer ascended toward the sediment surface at the low tide (1.2 cm in depth at 15:00 on July 18 and 2.5 cm at 3:00 on July 19), and descended toward the deeper layer of the sediment at the high tide (8.5 cm at 1:00 am on July 19). Figure 4 shows the changes of particulate organic carbon (POC) fluxes in the water column with the tidal level during the sampling period. The POC fluxes to the sea floor apparently increased when the tide went out toward the offshore, and reached a sharp peak (520 mg m Ϫ2 h Ϫ1 ) at the lower low tide at 15:00 on July 18, and a moderate peak (212 mg m Ϫ2 h Ϫ1 ) at the higher low tide at 5:00 on July 19. The POC flux was in a low range between 78 and 113 mg m Ϫ2 h Ϫ1 from 19:00 on July 17 to 1:00 on July 18, when the tide rose toward the shore.
As shown in Fig. 3 , the Chl-a concentration and organic matter content of the sediment tended to increase in the sur- face layer of the sediment at both of the low tides during daytime and early morning. The results of POC flux in the water column indicate that the deposition of organic particulates containing Chl-a on the sea floor was concentrated at low tide, and the organic particulates were transported from the shore with a river mouth and tidal flats.
Fluctuation of nematode community density
In this study, we collected 45 species of nematodes (39 genera in 19 families) at Stn Y3 (Table 1) . The dominant species were Terschellingia longicaudata, Sabatieria sp., Daptonema sp. A, Leptolaimus sp., Metalinhomoeus sp. A, Linhystera sp., Parodontophora sp. an Metalinhomoeus sp. B. These eight species accounted for 71.5% of all of the specimens collected in this study.
The density of the nematode community in the sediment up to 5 cm in depth markedly increased, fluctuating with two peaks in the same manner as the POC flux in the water column shown in Fig. 4 (Fig. 5) . The density of the nematodes was at its lowest, 333 ind. 10 cm Ϫ2 , at 13:00 on July 18, and increased markedly to 959 to 1,002 ind. 10 cm Ϫ2 between 17:00 and 23:00 on July 18. It once decreased to 317 ind. 10 cm Ϫ2 at 1:00 am on July 19, but reached a small peak, 885 ind. 10 cm Ϫ2 at 5:00 on July 19. The fluctuation pattern of the density of the most dominant species, Terschellingia longicaudata, coincided with that of the nematode community. The total density of this species reached a large peak, 353 to 410 ind. 10 cm Ϫ2 between 17:00 and 23:00 on July 18 and a small peak, 164 ind. 10 cm Ϫ2 , at 5:00 am on July 19. Figure 6 indicates the fluctuations of the POC flux in the water column and the density of the most dominant species of the nematodes, T. longicaudata, in the sediment up to 5 cm in depth with the change of the tidal level between 11:00 on July 18 and 9:00 on July 19. There were a big increase and a small one in the POC flux at the two low tides in this sampling period. The marked increase in the density of the nematodes occurred just after the first big increase of the POC flux (between 17:00 and 21:00 on July 18). A small scale increase in the nematode density also occurred just after the second small increase in the POC flux (at 5:00 on July 19). The temporal increase in the density of the nematodes in the sediment up to 5 cm in depth just after the increase of the POC flux in the water column indicates the numerical response of the nematodes to utilize the organic matter deposited on the sea floor.
Discussion
The nematode community at Stn Y3 in this study was dominated by Terschellingia longicaudata, Sabatieria sp., Daptonema sp. A, Leptolaimus sp. and Metalinhomoeus sp. A. These species are all deposit feeders (Wieser 1953 (Wieser , 1960 . The generic species of Terschellingia, Sabatieria and Daptonema are generally abundant in the muddy sediment in estuaries and subtidal areas (Wieser 1960 , Bouwman 1983 , Jensen 1983 , Sakai 1984 , Eskin & Coull 1987 , Itaoka & Tamai 1993 , Tsujino 1998 , Steyaert et al. 1999 , Tsujino et al. 2000 , Vanaverbeke et al. 2002 and in the Seto Inland Sea. Especially, the second ranked domi-nant species Sabatieria and Daptonema species are known as some of the most characteristic nematodes of the subtidal muddy bottom, and can tolerate unstable, highly polluted environments (Wieser 1960 , Vincx 1989 , Heip et al. 1990 , Vanreusel 1991 . Therefore, the species composition of the nematode community in the present study reflected the muddy sediment with a high organic matter content over 35 mg g Ϫ1 in TOC and 4.5 mg g Ϫ1 in TN in the surface layer (Fig. 3) .
The results of this study clearly showed the cyclic change of the POC flux in the water column generated by the tidal cycle ( Fig. 4) . At the low tide, the POC flux, Chl-a concentration and organic matter content of the surface layer of the sediment increased markedly at the same time ( Fig. 3 and  Fig. 4) . These facts indicate that the organic particulates were transported from the inner part of the estuary with the tidal flats and river mouth toward the offshore areas on the ebb tide and deposited in the subtidal areas near the shore including Stn Y3 mainly at the low tide. Magni et al. (2002) also observed the physico-chemical variability of the water column at a subtidal station in the present study area, and reported that the POC in the water column increased strongly due to the effect of the tidal cycle, as it was transported from the inner part of the estuary into the subtidal zone. The POC was most remarkable between the lower low tide and the higher low tide.
The temporal increase of the density of the nematodes in the sediment up to 5 cm in depth just after the increase of the POC flux in the water column indicates the numerical response to exploit the organic matter deposited on the surface layer of the sediment. Since the mobility of the nematodes in the sediment is very restricted, it is very likely that such a temporal increase of the nematode density is realized only by their vertical movement between the surface layer up to 5 cm in depth and the subsurface layer below 5 cm in depth. In this study, we sliced the sediment every 1 cm up to 5 cm in depth to monitor the vertical distribution of the nematode in the sediment. However, the change in the vertical distribution pattern of the nematodes was not clear. It was technically quite difficult to determine the detailed distribution of the nematodes in the sediment, since they moved vertically in the process of slicing the sediment core samples. Furthermore, the results of this study indicate that we need to assess the abundance of the nematodes in the sediment below 5 cm in depth to clarify the vertical movement and the numerical response of the nematodes to the deposition of the organic matter on the sea floor.
The nematodes tend to occur most abundantly in the surface sediment up to 5 cm in depth, but dense patches were also found in the subsurface sediment below 5 cm in depth (Nicholas 1984) . In the present study area, Yodnarasri (2002) found that nematodes tended to occur most abundantly in 4 to 10 cm in the depth of sediment in summer (August), and Yondnarasri et al. (2004) suggest that nematodes can distribute until 10 cm in the depth of sediment. In this study, Terschellingia longicaudata clearly showed the density increase just after the increase of the deposition of the organic particulates at the low tides. It feeds on small particles or bacteria (Wieser 1953 (Wieser , 1960 . Tietjen & Alongi (1990) revealed that nematode abundance had a significant positive correlation with bacterial abundance in the sediment. It is possible that the intensive deposition of the organic particulates at low tide stimulated the bacterial growth in the surface layer of the sediment just after the deposition. Therefore, it is likely that the nematodes including T. longicaudata rise to the surface layer of the sediment just after the intensive deposition of organic particulates at low tide to feed the organic particulates and bacteria that temporarily increased with the organic particulates. The results of this study suggest that we need to consider the vertical movement of the nematodes with the change of the flux of organic particulates in the water column caused by the tidal cycle, to assess the vertical profile of the abundance of the nematodes in the sediment.
